Abstract -In the coming years different phases of upgrades for the LHC complex are foreseen, which will allow for the extension of the physics potential of its experiments. Through two different phases (namely Phase-I and Phase-II), the average luminosity will be increased by a factor 5-10 above the design luminosity of 1 × 10 34 cm -2 s -1 . Consequently, the detectors and the infrastructure of the DAQ system of the experiments will need to be upgraded as well, to take into account the increased radiation level and particle rates foreseen at such high luminosity. In this paper we describe the proposed changes to the ATLAS detector and its trigger system, to face the increased number of interactions per bunch crossing. This will cause higher levels of pile-up and increased rates at each level of the trigger. The trigger system will improve its selectivity by benefiting from the increased granularity available at the trigger level, which will allow for a higher resolution. Different scenarios are compared, keeping in mind the requirements to achieve the expected physics potential of ATLAS in this high luminosity regime.
I. INTRODUCTION
HE Large Hadron Collider (LHC) at CERN plans to upgrade its luminosity in the next years to much higher levels than the original design value 1 × 10 34 cm -2 s -1 . The upgrade is motivated by the new physics potential that will be achievable at the foreseen higher luminosity values.
The current ATLAS trigger system, a collection of hardware and software that is used to select events in real time, will be expected to work under much more challenging conditions than the original system design ones. Different trigger upgrades possibilities have been proposed and examined.
After an overview of the actual ATLAS trigger system, upgrade plans for each trigger stage will be presented.
II. TRIGGER OVERVIEW
The ATLAS experiment and its detectors are shown in Fig. 1 , while Fig. 2 shows a scheme of the current ATLAS trigger system [1] .
The ATLAS Data Acquisition system receives event information from the various detectors at the LHC working frequency of 40 MHz. The amount of data to be recorded by the experiment storage system has to be significantly reduced to the acceptable rate value of a few hundreds of Hz. In order to achieve such an event reduction the ATLAS trigger system has to perform a fast and effective selection on the input physics events.
A first hardware based trigger stage, the Level-1 trigger, uses low granularity information from the calorimeter detector and full granularity information from dedicated muon trigger detectors, to perform a first event selection within the allowed Level-1 latency time of 2.5 µs [2] . The Level-1 Calorimeter and the Level-1 Muon trigger systems are separated and independent. The two systems' results are combined together in the ATLAS Central Trigger Processor, which generates the Level-1 decision and distributes the Level-1 Accept signals to all the ATLAS detectors for the data read-out. The Level-1 algorithms search for signatures from high transverse momentum muons, electron, photons, jets, taus, and for events with large missing transverse energy. The Level-1 trigger system is able to reduce the beam crossing frequency data input to about 75 kHz of selected physics events. The higher level stages of the ATLAS trigger system are software based, and they run on a PC-based computing farm. The Level-2 system processes full granularity data from the so called Regions-of-Interest, which are the regions of the detectors which have been selected by the Level-1 system for having possibly interesting physics objects. The Level-2 algorithms are able to reduce the trigger rate to a few kHz.
The last trigger stage, the Event Filter, performs a full reconstruction of the Level-2 selected events, further reducing the data rate to few hundreds of Hz, before the Storage system.
III. UPGRADE OVERVIEW
Currently the LHC is delivering about 7 × 10 33 cm -2 s -1 instantaneous peak luminosity, running with 50 ns bunch crossing spacing and 8 TeV centre-of-mass energy.
The LHC upgrade plans foresee to significantly increase these numbers through three Long Shutdown periods, namely LS1, LS2 and LS3, each one allowing for an increase in the collider performance towards the ultimate luminosity of 7 × 10 34 cm -2 s -1 , foreseen for the High Luminosity LHC (HL-LHC) [3] .
Each Long Shutdown will be followed by an upgrade Phase, namely Phase-0, Phase-I and Phase-II. The LS1 is foreseen for the years 2013 and 2014, and will allow for a jump to the design LHC luminosity value of 1×10 34 cm -2 s -1 , with 25 ns bunch crossing spacing and about 13÷14 TeV centre-of-mass energy. The LS2 is for the year 2018 and will allow the machine to reach 3 × 10 34 cm -2 s -1 peak luminosity value with 14 TeV centre-of-mass energy. Finally LS3 is foreseen for the years 2022-2023 and will allow to reach the luminosity value of 7 × 10 34 cm -2 s -1 . It is to be noticed that this last luminosity value is foreseen to be maintained constant during each physics run at Phase-II, making use of the luminosity leveling feature, while currently the luminosity decreases during the run. Fig. 3 shows the LHC upgrade plans. Fig. 3 . Scheme of the LHC upgrade plans. Long Shutdown LS1, LS2 and LS3 are shown. Each long shutdown is followed by an upgrade data taking period, Phase-0, Phase-I and Phase-II, each one characterized by higher values of LHC instantaneous luminosity. The ultimate luminosity value at Phase-II for the High Luminosity LHC (HL-LHC) is 7 × 10 34 cm -2 s -1 [3] .
The ATLAS experiment aims to collect about 50 fb -1 of integrated luminosity during the 2015-2017 Phase-0, 300 fb -1 for the 2019-2021 Phase-I, and 3000 fb -1 for the Phase-II period which will start from 2024. These integrated luminosity values are much higher than the current ones of few fb -1 , and will allow for the detailed studies and the precision measurements required for the HL-LHC physics program, which will cover both Higgs physics and new physics.
The increased values of the LHC instantaneous luminosity will challenge the current trigger system, which was designed to operate at the design value of the LHC instantaneous luminosity of 1 × 10 34 cm -2 s -1 . Furthermore many of the physics studies foreseen for the HL-LHC will require the same transverse momentum and energy thresholds for the trigger system as today. A much higher instantaneous luminosity with the same transverse momentum and energy cut will obviously result in much higher trigger rates. Fig. 4 shows the various components of the Level-1 trigger rates as a function of the luminosity. Extrapolating the foreseen trigger rates at higher luminosity one can easily see that the Level-1 rates will exceed the allocated bandwidth already at Phase-I. Trigger rate as a function of the LHC instantaneous luminosity, for the various components of the Level-1 (electro-magnetic, muon, tau, missing transverse energy, jet). The dependency is linear except for the missing transverse energy. The rates foreseen for the HL-LHC will exceed the allocated bandwidth if we do not change the Level-1 trigger system [4] .
The solution to avoid exceeding the allocated bandwidth is to upgrade the Level-1 trigger system. The upgraded trigger selection will have to be more efficient and will have to increase the rejection power in order to select interesting physics events without exceeding the allocated trigger rates. The possible solutions that are currently being studied to improve the event selection are:
• increase the trigger granularity, either making use of higher granularity information currently not used (the Level-1 Calorimeter trigger currently uses reduced granularity information from calorimeters), or introducing new higher granularity trigger detectors (in the muon region). The increased granularity would allow for a higher resolution in the transverse momentum and energy cut, thus resulting in an improved event selection; • add more flexibility and new algorithms to the current trigger logic, allowing more complex event selection currently not possible; • moving existing higher level software based algorithms to Level-1 hardware, in order to introduce more sophisticated and fast event selection.
The trigger upgrade proposals currently being studied and developed are all hardware based, so mainly Level-1. The time needed to produce such hardware systems is in fact much longer than the time needed to develop the software based higher level algorithms. For this reason we will focus on the Level-1 proposals. More detailed plans for the ATLAS High Level Trigger system upgrade are currently under study, but are not included in this paper.
IV. LEVEL-1 CALORIMETER TRIGGER
As previously said, the Level-1 electro-magnetic trigger rates increase linearly with the LHC luminosity, and a very good agreement has been shown between simulation and data. Simulation studies show that the rate for the electromagnetic trigger will exceed the allocated bandwidth (a few tens of kHz) at Phase-I, when the average number of interactions per crossing will be about 50 [5] .
The Level-1 Calorimeter trigger system could take advantage of the Liquid Argon calorimeter detector plans, which foresee to partially change the on-detector electronics for Phase-I. The new electronics will provide digital trigger information with higher granularity.
The Level-1 Calorimeter trigger could use the higher granularity information to perform finer cluster shaping algorithms, significantly reducing the trigger rates. Furthermore an increased flexibility could be introduced in the calorimeter trigger logic. Fig. 5 shows the simulated Level-1 electro-magnetic trigger rate as a function of the transverse energy, for different trigger algorithms. As it can be seen the trigger rates are significantly reduced if the algorithms can make use of a higher energy resolution, introducing isolation and improving the cluster shaping selection.
The Level-1 Calorimeter trigger plans for Phase-II are, as for all the other Level-1 systems, still under study, and will strongly depend on the final Level-1 system global architecture choice. Since the Liquid Argon calorimeter plans for Phase-II are to replace all its on-detector electronics, converting to full digital readout, the Level-1 calorimeter trigger will be able to take advantage of the full granularity information, further increasing the resolution and improving the rejection power. Carlo simulations with the current Level-1 trigger system for non-isolated EM objects (⌅), for isolated EM objects (•), for isolated EM objects after a shower shape R h >0.94 cut applied (N), and after both R h >0.94 and E had core < 0.8 GeV cuts (H). Monte Carlo simulations include pileup for µ=46 and with a bunch spacing of 25 ns.
A value R h =0.94 has been chosen for this analysis: it provides an efficiency for true electrons above 99.3% and a jet rejection efficiency of 56.7% and 51.2% respectively on the Monte Carlo di-jet samples and on the 2011 enhanced bias data.
A further reduction of the Level-1 rates can be achieved by using higher energy resolution in the hadronic calorimeter trigger towers. Currently, the quantization of the calorimeter trigger readout limits the precision to 1 GeV. For electrons with transverse energies in the range 20<E T <80 GeV, higher resolution improves the rejection capability: in these studies it was assumed the dig- Fig. 5 . Expected Level-1 electro-magnetic rates for different algorithms and conditions: rates calculated from Monte Carlo simulations with the current Level-1 trigger system respectively for: non-isolated EM objects, isolated EM objects, isolated EM objects after a shower shape Rη > 0.94 cut applied, and after both Rη > 0.94 and E had < 0.8 GeV cuts. Monte Carlo simulations include pileup for µ=46 and with a bunch spacing core of 25 ns [3] .
V. LEVEL-1 MUON TRIGGER
The Level-1 muon trigger system makes use of the Resistive Plate Chamber (RPC) detector in the Barrel region and of the Thin Gap Chamber (TGC) detector in the EndCap region. The current Level-1 muon trigger rate distribution is shown in Fig. 6 . It can be seen that most of the trigger rate comes from the End-Cap regions. The figure also shows that most of the triggered muons are fake triggers, due do the cavern background, not matched with any reconstructed tracks at Level-2. The cavern background is supposed to increase significantly at the luminosity values foreseen for the Phase-I and II, thus leading to a significant increase of the Level-1 muon trigger rate. The simulations confirm that the muon trigger rates will exceed the allocated trigger bandwidth at Phase-I [6] .
Since most of the bandwidth is dominated by the EndCap triggers, the upgrade studies have been performed mostly on the End-Cap region, at least for the Phase-I. The main idea is to take advantage of the foreseen replacement of the detectors in the Small Wheel End-Cap regions. The Small Wheels are the inner part of the End-Cap system, they are not currently used for triggering purposes, and they will be replaced for Phase-I since the detectors currently installed in that region will reach their hit rate limit.
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L1_MU11 is a trigger for a single muon with transverse momentum above 10 GeV, requiring a coincidence of hits across three-stations in all regions of the L1Muon trigger chambers [7] . Fig. 7 shows the schematic view of the trigger muon detectors. The use of new trigger detectors in the Small Wheel region could help a lot in removing the fake triggers coming from particles not pointing to the beam interaction point, thus significantly reducing the trigger rate. The EndCap trigger system will have to be modified in order to introduce an additional trigger coincidence with the Small Wheel region.
The chosen detector technology for the New Small Wheels is the small TGC and the MicroMega detectors. These detectors guarantee the required angular resolution (< 10 mrad) necessary to discriminate the pointing tracks from the non pointing ones. Furthermore the increased transverse momentum resolution will allow for an increased rejection power. The improvement in the event selection provided by this new trigger system has been simulated. Fig. 8 shows the simulated Level-1 muon trigger rates as a function of the transverse momentum trigger threshold, with and without the New Small Wheel trigger. The rate reduction will allow for running at the HL-LHC luminosity values without exceeding the allocated muon trigger bandwidth. The Level-1 Muon trigger plans for Phase-II are, as for the Calorimeter trigger, still under discussion. The main idea is again to install new high resolution trigger detectors where necessary.
Since the New Small Wheel does not cover the entire Big Wheel region, new detectors could be installed in the border region between the Barrel and the End-Cap.
Furthermore, since the inner region of the Big Wheel will suffer the highest hit rate, new detectors could be installed in the inner part of the Big Wheel in order to achieve the same resolution of the New Small Wheel and so to significantly improve the trigger rejection rate.
The regions affected by these studies are shown in Fig. 9 . Finally a new idea of using the current Monitor Drift Tubes (MDT) detector, currently installed in both the Barrel and the End-Cap regions, and not used for triggering purposes is being studied. The MDTs have a very high spatial resolution, and could help further improve the trigger resolution and rejection power, reducing the trigger rate. 
VI. CENTRAL TRIGGER PROCESSOR
The ATLAS Central Trigger Processor (CTP) system has plans to change part of its logic already for Phase-0. Part of the CTP modules will be redesigned in order to increase the possible number of CTP trigger inputs, to improve the trigger flexibility, and to introduce a new Topological trigger [9] .
The Topological trigger algorithms would be based on the detailed information coming from the Level-1 Muon and Calorimeter trigger, combined together to perform topological based event selection (overlap detection and disambiguation between different candidate objects, angle calculation between objects, vector/total transverse energy sums over groups of objects).
The Phase-I CTP upgrade plans are to integrate the New Small Wheel Level-1 muon trigger system and to provide more detailed muon information to the topological processors.
The Phase-II CTP upgrade plans foresee to completely replace the current CTP system in order to integrate new trigger systems and new trigger interfaces.
VII. LEVEL-2 FAST TRACK TRIGGER
The Level-2 Fast Tracker system (FTK) is a hardware based Level-2 track finder, based on the use of associative memory. The FTK system will receive data from the ATLAS tracker detectors and will reconstruct tracks with transverse momentum bigger then 1 GeV. It will operate at the full Level-1 trigger rate and will provide tracking information at the input of the Level-2 within a latency of about 100 µs. The reconstructed tracks can be used to select interesting events (taus, b-tag) and to significantly reduce the trigger rate [10] .
VIII. LEVEL-1 TRACK TRIGGER PROPOSAL
Along with the other Phase-II trigger upgrade proposals that are currently being evaluated, the Level-1 Track trigger seeks to reduce the Level-1 trigger rate. This upgrade would make use of track information in the Level-1 decision. The proposed system would be hardware based and would make use of the ATLAS tracking detector information in order to provide track segments and momenta. The Level-1 trigger selection could be improved by combining calorimeter and muon information with the reconstructed tracks, particularly reducing the single lepton trigger rate, and improving tau identification and b-tagging [11] .
Unfortunately the latency required to perform the tracking algorithm would be of a few tens of µs, significantly increasing the current 2.5 µs Level-1 latency. As a consequence of this, the current Level-1 trigger system could be replaced by a two-level trigger system. The current Level-1 trigger system, renamed Level-0, could seed the Level-1 Track trigger. The two-stage trigger system foresees a Level-0 with parameters similar to the current ones (∼10 µs latency; ∼ 500 kHz output trigger rate), followed by a further hardware trigger Level-1 decision with a significantly longer latency (∼ 20 µs) and an output trigger rate of about 100 kHz.
The proposed system foresees that the ATLAS detectors may decide whether or not to make use of the Level-0 and/ or the Level-1 (for example the Calorimeter trigger may take advantage of a two-level trigger for the full granularity calorimeters readout). The proposed two-level trigger scheme is shown in Fig. 10 . 
IX. CONCLUSIONS
Most of the required modifications to the trigger system that have been investigated are at Level-1. The proposed modifications show potential to significantly increase the trigger performances and physics event selection quality. The Phase-I trigger upgrade plan is currently more definite than the Phase-II one, which is still under study.
